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(57) ABSTRACT

A system for harvesting energy including: an electrical
machine including a first and a second structure, movable
with respect to each other; a counterweight coupled to the
second structure; a power transfer structure, electrically con-
nected between the first structure and the load; an angular

—
position sensor which provides a position signal ( € (1)) indi-
cating the angular position of the counterweight; and an

accelerometer which provides an acceleration signal (z(t))
indicating an acceleration which affects the first structure.
The system for harvesting energy further comprising a con-
trol unit, which includes: a first stage which generates a limit

—
position signal (€ ,,,(t)) indicating an angular instability
region (R-1); and a second stage which controls the power
transfer structure based on the position signal and on the limit
position signal, so as to modulate the transfer of electrical
power to the load so as to prevent the counterweight from
entering into the angular instability region.
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1
SYSTEM FOR HARVESTING ENERGY
INCLUDING A COUNTERWEIGHT AND A
SYSTEM FOR CONTROLLING THE
ANGULAR POSITION OF THE
COUNTERWEIGHT

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims priority to Italian Patent Applica-
tion No. TO2012A001035 filed Nov. 30, 2012, the contents of
which are herein fully incorporated by reference.

FIELD OF THE INVENTION

The present invention relates to a system for harvesting
energy including a counterweight and a system for control-
ling the angular position of the counterweight.

BACKGROUND OF THE INVENTION

As known, systems for harvesting energy which allow to
convert mechanical energy into electrical energy and to store
the electrical energy thus obtained are available today.

For example, the article by T. T. Toh et al., “Continuously
rotating energy harvester with improved power density”,
Power MEMS 2008 Proceedings, pages 221-224, Sendai
(IP), describes a system for harvesting energy of the continu-
ously rotating type, which comprises a rotor, a stator and a
counterweight, which is constrained to the stator. The rotor
and the stator are part of a dynamo, thus the rotor is integral
with a rotating element, which is actuated, for example, by an
external motor.

Inuse, the external motor keeps the rotating element rotat-
ing. In turn, the rotor rotates together with the rotating ele-
ment, while the counterweight tends to keep the stator fixed
by applying a corresponding torque, which is caused by the
force of gravity. A relative motion of the rotor with respect to
the stator occurs, with consequent generation of electricity in
the dynamo. Such an electrical power is transferred to a load,
such as a battery, for example.

More in particular, the electrical power transfer causes the
passage of current in the rotor, which in turn causes the
application of a driving torque on the stator. The stator
assumes a position during the rotation of the rotor which is
distanced by an angular distance 6, measured along the direc-
tion of rotation, from the position that the stator itself would
assume if the rotor were not rotating, which is also referred to
as the ‘rest position’. Because the angular distance 0 is not
zero, the gravitational torque acting on the stator balances the
driving torque so that the stator tends to remain immobile.

In greater detail, the power transfer occurs only if the
rotation speed of the rotating element does not exceed a
critical angular speed, beyond which the gravitational torque
can no longer contrast the driving torque and the stator starts
rotating together with the rotor. In practice, the gravitational
torque assumes a maximum value when the angular distance
0 of the counterweight from the rest position is equal to 90°;
driving torques higher than such maximum value imply angu-
lar distances 6 greater than 90°, which correspond to progres-
sively lower gravitational torque values. Thus, when the
angular distance 0 of the counterweight exceeds a critical
distance 0, equal to 90°, the system for harvesting energy
enters into a condition of instability, in which the counter-
weight tends to rotate at the same angular speed as the rotor,
and the power transfer is essentially zero, due to the cancel-
lation of the relative motion between stator and rotor.
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In order to optimize the electrical power transfer, a so-
called maximum power point tracking (MPPT) circuit is
present between the dynamo and the load.

The MPPT circuit adapts the input impedance of the load to
the output impedance of the dynamo, in order to maximize
power transfer. In practice, the MPPT circuit adapts the
impedance of the load to the impedance of the rotor armature.

In greater detail, the MPPT circuit comprises a so-called
switching circuit, which is controlled by using a pulse-width-
modulated (PWM) signal, generated by the MPPT circuit
itself. The impedance is adapted by varying the duty cycle of
such a pulse-width-modulated signal.

In even greater detail, the switching circuit has an electrical
input, which is connected to the terminals of the rotor arma-
ture. An input current and an input voltage, delivered by the
dynamo, are thus present on the electrical input of the circuit.
The MPPT varies the duty cycle of the pulse-width-modu-
lated signal as a function of the input current and the input
voltage, correspondingly modulating the transfer of electrical
power from the dynamo to the load.

The MPPT circuit thus allows to maximize the transfer of
energy to the load, however its operation implies that the
system for harvesting energy may become unstable. Indeed,
as previously mentioned, the application of a load to the
dynamo implies a braking action, which is greater the higher
the current circulating in the rotor armature. Therefore, when
attempting to transfer the maximum electrical power avail-
able at the dynamo terminals, the MPPT circuit may cause a
braking action capable of making the counterweight rotate by
an angle greater than the critical distance 0. In such a case,
the system for harvesting energy becomes unstable. In order
to prevent such an occurrence, the rotating element must be
rotated at a speed considerably lower than the critical angular
speed, and it is necessary to prevent the rotating element from
being affected by linear accelerations, i.e. from translating,
because such linear accelerations can contribute to reaching
instability conditions. In other words, constraints must be
introduced into the use of the system for harvesting energy.

It is the object of the present invention to provide a system
for harvesting energy which at least partially solves the draw-
backs of the prior art.

SUMMARY OF THE INVENTION

According to the present invention, a system for harvesting
energy is provided as follows: A system for harvesting energy
provides an electrical machine (6) including first and second
structures (8, 10), movable with respect to each other, each of
the first and second structures alternately forming the rotor or
the stator of the electrical machine, the first structure being
configured to be constrained to a rotating or rotating and
translating element (2), so as to be driven in rotation by the
rotating or rotating and translating element; a counterweight
(12) coupled to the second structure so that the second struc-
ture is subject to a first gravitational torque; a power transfer
structure (18, 22), electrically connected to the first structure,
configured to be connected to a load (20) and adapted to
transfer electrical power from the first structure to the load, in
an electrically controllable manner.

The electrical power transfer causes the application of a
second torque on the second structure, the module of which is
a function of the electrical power transferred, the second
torque being balanced, when the counterweight is in an angu-
lar stability region, by the first torque so as to cause the
generation of an electrical voltage (V) in the first structure;
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an angular position sensor (32) constrained to the first

structure and configured to provide a position signal (?(t))
indicating the angular position of the counterweight, the
angular position being referred to a local reference system (u,
w) fixed to the first structure; and an accelerometer (30)
constrained to the first structure and configured to provide an

acceleration signal (Z(t)) indicating an acceleration which
affects the first structure, the acceleration being referred to the
local reference system; a control unit (24), having; a first stage
(58) configured to generate, based on the acceleration signal,

a limit position signal (?Zim (t)) indicating an angular insta-
bility region (R-I), the angular instability region being
referred to the local reference system and being such that,
when the counterweight is within the angular instability
region, the counterweight tends to rotate synchronously with
the first structure; and a second stage (66) configured to
control the power transfer structure based on the position
signal and on the limit position signal, so as to modulate the
transfer of electrical power to the load so as to prevent the
counterweight from entering into the angular instability
region.

BRIEF DESCRIPTION OF THE DRAWINGS

For a better understanding of the invention, embodiments
thereof will be described hereafter only by way of non-limi-
tative example, and with reference to the accompanying
drawings, in which:

FIG. 1 is a block diagram of an embodiment of the present
system for harvesting energy;

FIG. 2 shows an electrical circuit equivalent to the system
for harvesting energy shown in FIG. 1;

FIG. 3 schematically shows a perspective view of a railway
axle and a reference system integral therewith;

FIGS. 4a-4¢ and 6 shows the reciprocal arrangements of
different vector quantities, within the reference system shown
in FIG. 3, and corresponding instability regions;

FIGS. 5 and 7 show block diagrams of portions of the
system for harvesting energy shown in FIGS. 1; and

FIGS. 8 and 9 show block diagram of portions of further
embodiments of the present system for harvesting energy.

DETAILED DESCRIPTION OF THE INVENTION

FIG. 1 shows a system for harvesting energy 1, which is
coupled to a rotating and translating element. By way of
example only, the present invention refers to the case in which
the rotating and translating element is formed by a train axle,
indicated by reference numeral 2 and adapted to rotate about
a rotation axis H. In all cases, the present system for harvest-
ing energy 1 may also be used in other than the railway field,
by coupling with rotating and translating elements of differ-
ent type, such as automotive axles, for example. Furthermore,
the system for harvesting energy may be coupled to a rotating
element instead of a rotating and translating element. With
this regard, and again by way of example only, the present
system for harvesting energy may be coupled to a rotating
element of a so-called conveyor belt.

The system for harvesting energy 1 comprises a container
4, which is fixed to the axle 2, so as to be driven in rotation by
the latter. Furthermore, the system for harvesting energy 1
comprises a dynamo 6, of an intrinsically known type, includ-
ing a stator 8 and a rotor 10. The stator 8 is fixed to the
container 4, and thus rotates together with the axle 2, about
the rotation axis H. In an intrinsically known manner, the
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rotor 10 is coupled to the stator 8 by interposition, for
example, of ball bearings or bronze bearings (not shown).

The system for harvesting energy 1 further comprises a
counterweight 12, which is fixed to the rotor 10, and the
centre of gravity of which is distanced by a radial distance
from the rotation axis H which is not zero.

In practice, the counterweight 12 tends to keep the rotor 10
fixed with respect to the stator 8, i.e. to prevent the rotor 10
from rotating with the stator 8. Therefore, given an inertia
reference system xyz having axis y parallel to the rotation axis
H and axis x parallel to the translation direction of the axle 2,
for example, the stator 8 rotates about a direction parallel to
axis y, while the counterweight 12 moves so that the rotor 10
assumes a fixed position with respect to the stator 8. By way
of example only, the inertial reference system xyz is the
reference system of the railway line on which the axle 2
rotary-translates.

In greater detail, the rotor 10 comprises a first and a second
windings 13a, 135, while the stator 8 comprises a first and a
second magnetic poles 14a, 145, opposite to each other. Fur-
thermore, the stator 8 comprises an electrical stator circuit 16,
which in turn includes brushes 17 adapted to come into con-
tact with sliding contacts (not shown) arranged on the rotor 10
and electrically connected to the first and second windings
13a, 13b. In use, an essentially direct voltage V, is present at
the electrical stator circuit 16 when a relative rotary motion
occurs between the stator 8 and the rotor 10.

The system for harvesting energy 1 further comprises a
battery 20 (referred to as a load in the claims), a first power
transfer stage 22 (referred to as a switching converter in the
figures) and a control unit 24 (referred to as a CPU in the
figures). In particular, the first power transfer stage 22 is
connected to the output of the stator electrical circuit 16;
further, both the battery 20 and the control unit 24 are con-
nected to the first power transfer stage 22.

Thebattery 20 is connected to the electrical stator circuit 16
by interposing the first power transfer stage 22. Reference
may thus be made to the equivalent electrical diagram shown
in FIG. 2, in which the dynamo 6 is modeled as a voltage
generator G having an output resistance R, while the bat-
tery 20 is modeled as a load resistance R, ,,,.

The first power transfer stage 22, described in greater detail

below, has first and second input terminals, which are con-
nected to the output terminal of the stator electric circuit 16
and to ground, respectively, and an output terminal, which is
connected to the input terminal of the battery 20. Further-
more, the first power transfer stage 22 has a control terminal
N_, which is connected to the control unit 24 (connection not
shown). By way of example only, hereinafter in the present
description it is assumed that in the embodiment shown in
FIGS. 1 and 2 the first power transfer stage 22 is formed by a
known type switching converter, such as, for example, a so-
called buck-boost converter of the non-inverting type, the
switching from the “on” to the “off” state of which is con-
trolled by applying a first control signal ¢, (t) generated by the
control unit 24 (and described below) to the control terminal
N,,.
The system for harvesting energy 1 further comprises a
detector stage 29, connected to the stator electrical circuit 16
and adapted to supply a current signal i(t) and a voltage
signal v (1), indicating a current I, and the voltage V_ present
on the stator electrical circuit 16, respectively. The control
unit 24 is also connected to the detector stage 29, so as to
receive the current signal i (t) and the voltage signal v (t).

The system for harvesting energy 1 further comprises an
accelerometer 30 of the biaxial type, and an optical encoder
32, which are connected to the control unit 24.
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The accelerometer 30 is fixed to the container 4 and
arranged along the rotation axis H. More in particular, given
a local reference system uw (FIG. 3), fixed to the axle 2 and
formed by an axis u and an axis w which are reciprocally
orthogonal and lay on a plane perpendicular to the rotation
axis H, and assuming that the accelerometer 30 is arranged in
the origin of such a reference system, the accelerometer 30
detects accelerations parallel either to axis w or to axis u. The
accelerometer thus generates (in intrinsically known manner)

an acceleration signal a (t) of electrical type indicating the
acceleration components parallel to axis w and to axis u. The

. . — . .
acceleration signal a (1) thus indicates a measured accelera-

tion &, which is a vector quantity.

An optical encoder 32 (of an intrinsically known type and
referred to as an angular position sensor in the claims) com-
prises a moveable element 34, fixed to the rotor 10, and an
optical detector 36, fixed to the stator 8 and comprising, for
example, an optical source and a photodiode (not shown). The
optical encoder 32 works as angular position sensor (in an
intrinsically known manner). Therefore, the optical detector

36 generates a position signal ?(t), which is of the electrical
type indicating the angular position of the rotor 10, and thus
of the counterweight 12, with respect to the stator 8. The

position signal ?(t) thus indicates a measured position Z),
which is a vector quantity and defines, instant by instant, the
angular position of the counterweight 12 with respect to the
origin of the local reference system uw, and thus with respect
to the axle 2. By way of example only, it is further assumed

—
that the measured position € has a unitary module.
In greater detail, the features of the measured acceleration

—

a and of the measured position € , and thus indirectly of the
—

acceleration signal z(t) and of the position signal e, are

described in detail, with reference to FIGS. 4a-4c.
In detail, FIG. 4a refers to an instant in an interval of time
in which the stator 8 rotates at a constant angular speed w. In

.. . — . . .
such conditions, the measured acceleration a coincides with

the gravity acceleration g and rotates about the origin of the
local reference system uw at an angular speed equal to the

-
angular speed w of the axle 2. The measured position € also
rotates about the local reference system uw at an angular
speed equal to the angular speed w; furthermore, the mea-

-
sured position e is offset by an offset angle o with respect to

the measured acceleration a.
FIG. 45 refers to an instant in an interval of time in which
the stator 8 is stationary. In this case, the measured accelera-

. — . . . . . — .
tion acoincides with the gravity acceleration g and is fixed
with respect to the origin of the local reference system uw.

—
The measured position € is fixed with respect to the local
reference system uw and lays along the same line as the

measured acceleration a.
FIG. 4c refers to an instant in an interval of time in which
the stator 8 rotates about rotation axis H, and is additionally

affected by a linear acceleration d caused by a translation of
the axle 2 along a direction parallel to axis x of the inertial
reference system xyz. In this case, the measured acceleration

@ is equal to the vector sum of the gravity acceleration g and
of the linear acceleration d, the latter mutually forming a

right angle, because the gravity acceleration g is parallel to
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axis z of the inertial reference system xyz. Furthermore, the
measured position is offset with respect to the measured

acceleration a.
As shown in FIG. 5, the control unit 24 receives the posi-
—
tion signal € (t) and the acceleration signal @ (1), and thus has

the measured position and the measured acceleration a.Fur-
thermore, the control unit 24 comprises a filtering stage 50

adapted to determine a filtered acceleration T, starting from

the measured acceleration a, by removing high frequency
interference terms caused, for example, by vibrations by
which the axle 2 is affected. The determination of the filtered

acceleration T implies the generation of a corresponding
electrical signal, e.g. of the analogue or digital type, which is

referred to as filtered acceleration signal T (t).
The control unit 24 further comprises a speed determina-
tion stage 52, connected to the filtering stage 50 and adapted

to generate, based on the filtered acceleration signal ?(t), an

angular speed signal 3(0, indicative of the angular speed ®
of the axle 2, meant as module and sense. For example, the
sense of the angular speed to of the axle 2 may be determined

based on the sense of rotation of the measured acceleration a’
about the origin of the local reference system uw, because it
coincides with the latter.

The control unit 24 further comprises a determination stage
of'the direction of gravity 54, connected to the filtering stage
50 and to the speed determination stage 52, and adapted to

generate, based on the filtered acceleration signal ?(t) and the
angular speed signal $(t), a gravity direction signal g(t),

which indicates the direction of gravity acceleration g, such
a direction being referred to the local reference system uw.
For example, as shown in FIG. 6, the direction of gravity

acceleration g may be determined on the basis of the fact that

the gravity acceleration g is a vector having module equal to
9.81 m/s” within the local reference system uw. Furthermore,
in the assumption that the axle 2 is affected by linear accel-
erations directed parallel to axis x, the gravity acceleration

vector g forms a right angle with the line crossing the vertex
of the filtered acceleration I and tangent to the circumfer-
ence having radius equal to the gravity module g, the vertex

ofthe vector of the gravity acceleration g indeed laying in the
tangent point.

Thus, given the filtered acceleration T, it is possible to
determine the two tangency points of the two lines passing

through the vertex of the filtered acceleration vector T and
tangent to the circumference having radius equal to the mod-

ule of the gravity acceleration E A preliminary vector (indi-

cated by E ,and E ,inFIG. 6) is determined for each tangency
point, the vertex of which lays in the tangency point itself. The

gravity acceleration g is equal to one of the two preliminary

— — . .
vectors g, g,; such a lack of determination may be solved,
for example, by implementing a discrete time step procedure
described below. In particular, reference is made to quantities

T, 2, €, 2, to describe such an example procedure,
which indicate the values assumed at the i-th step by the

filtered acceleration T, the gravity acceleration g and the

preliminary vectors gl, gz, respectively; furthermore, the
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term “value’ means the module and the phase of the corre-
sponding vector quantity, therefore such a term implies the
reference to a vector.

In detail, the value T, of the filtered acceleration T can be
filtered at an instant t, in which the axle 2 is stationary (and

thus T,=¢ ;=g ,o— ¢ o), and consequently there is no lack of
determination; in this manner, the corresponding value go of

the gravity acceleration g is determined.
Ata subsequent instant t;, following the acceleration of the

axle 2, the vector of the filtered acceleration Tassumes the

value T , and rotates either 1) clockwise or ii) counterclock-

wise with respect to the value go. At instant t,, the prelimi-
- — — —

nary vectors g,, g, assume values g, and g,,, respec-

tively. It is thus possible to determine the value gl of the

gravity acceleration E at instant t,, at which it is alternatively

— — .
equal to the vector of the values g, and g, arranged either
counterclockwise (in case i) or clockwise (in case ii), with

respect to value T 1
Subsequently, at the i-th instant the lack of determination

may be solved by using the value gi_ | relative to the previous
instant (t,,). In particular, if the value T , of the filtered
acceleration T relative to instant t, is offset either i) in
advance or ii) in delay with respect to value g 1_;» the value gi
of'the gravity acceleration g atinstant t, is equal alternatively

to the vector between the values E ,; and gzi arranged either
delayed (in case 1), or advanced (in case ii), with respect to

value ?i, the advance or delay being defined as a function of

the direction of rotation of the filtered acceleration T .
It is worth noting that the in the particular case in which the
axle 2 is rotating at constant speed, there is no lack of deter-

mination because the ?Zgglzggzzg applies. Furthermore,
it is worth noting that possible embodiments are possible in

which the determination of the gravity acceleration g is
carried outin different manner, e.g. in a non recursive manner,
thus in a manner independent from the values assumed in
previous instants of time, or by determining quantities rela-
tive to the inertial reference system xyz.

The controlunit 24 further comprises an interference deter-
mination stage 56, which receives at input the acceleration

signal z(t) and is further connected to the output of the
gravity direction determination stage 54. The interference

determination stage 56 generates an interference signal H(t),
indicative of possible linear accelerations by which the axle 2
is affected. For this purpose, the interference determination
stage 56 calculates the vectorial difference between the fil-

tered acceleration I and the gravity acceleration E

The controlunit 24 further comprises a limit position deter-
mination stage 58, which receives at input the acceleration
signal z(t) and the gravity direction signal g(t). The limit
position determination stage 58 generates a limit position

signal ? um(t), which is indicative of a pair of (angular) limit

positions ? Jimels ? sim2 (FIGS. 4a-4c¢) of the counterweight
12, beyond which the system for harvesting energy 1 becomes

— —
unstable. In particular, the limit positions € ,,,_;, €, are
referred to the local reference system uw and delimit an
angular instability region R-I such that, if the counterweight
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12 is therein, the system for harvesting energy 1 is unstable
and thus the rotor 10 is not stable with respect to the stator 8,
and so the counterweight 12 tends to rotate synchronously
with the stator 8 in absence of corrections.

In detail, the angular region of instability R-I is formed by
the union of a first and a second angular regions, shown by a
dashed and dotted line in FIG. 4a-4c, respectively. In turn, the
first angular region is 180° wide and is delimited by a line
crossing the origin of the local reference system uw and

orthogonal to the gravity acceleration g, the first angular

region not containing the gravity acceleration g Similarly,
the second angular region is 180° wide and delimited by a line
crossing the origin of the local reference system uw and

orthogonal to the measured acceleration @, the second angu-

lar region not containing the measured acceleration a.
The control unit 24 further comprises a driving unit 60,

which receives at input the acceleration signal @ (t), the inter-

ference signal a(t), the gravity direction signal g(t), the limit
position signal ?Zim(t), the position signal ?(t) and the angu-

lar speed signal $(t). Furthermore, the driving unit 60
receives at input the current signal i.(t) and the voltage signal
v_(1).
gAs previously mentioned, the driving unit 60 generates the
first control signal ¢, (t), which is applied on the control ter-
minal N, of the first power transfer stage 22. By way of
example, the first control signal c,(t) may be of the pulse-
width-modulated type, thus may have fixed frequency and
variable duty cycle. In this case, given a period of the first
control signal ¢, (t), the ratio between the durations of the two
corresponding sub-intervals of time in which the first power
transfer stage 22 operates in the “on”, or “off” state, respec-
tively, is equal to the duty cycle of the first control signal ¢, (t).
Thus, a variation of the duty cycle of the first control signal
c,(t) implies a variation of the extent of the power transfer
from the stator electrical circuit 16 to the battery 20.
As shown in FIG. 7, the driving unit 60 comprises a fore-
casting stage 62, which receives at input the acceleration

signal Z(t) and the position signal ?(t), based upon which it

s
generates a forecasting signal € *(t+A). In particular, given a
generic instantt, to which the values of the acceleration signal

— .. . - .
a(t) and of the position signal e (t) refer, the forecasting

— —
signal € *(t+A) indicates an estimate € * of the position
assumed by the counterweight 12 at instant t+A, with A equal
to any positive real number. Reference is made to estimate

—
€ * as forecasted position.
The driving unit 60 further comprises a comparison stage

—
64, which receives at input the forecasting signal € *(t+A)
—
and the limit positions signal € ,,,(t), compares the forecast-

ing signal ?*(t+A) and the limit position signal ?Zim(t) and
generates an instability signal k(t), which is indicative of the

—

relationship between the forecasted position € * and the pair
— —

of limit positions € ,,, 1, € ;.- Lhe instability signal k(t)

thus indicates, for example, a possible entrance of the fore-

casted position ?* in the angular instability region R-I.
The driving unit 60 further comprises a control stage 66,
which receives at input the current signal i.(t), the voltage
signal v, (t) and the instability signal k(t). Furthermore, in
addition to the moment of inertia of the rotor 10 and the
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features of the dynamo 6, the control stage 66 knows the
moment of inertia of the counterweight 12 with respect to the
rotation axis H, the latter depending on the weight, the shape
and the arrangement of the counterweight 12 with respect to
rotation axis H.

The control stage 66 generates the first control signal ¢, (1),
s0 as to maximize the electrical power transfer from the stator
electrical circuit 16 to the battery 20, preventing the onset of
instability conditions at the same time. In other words, the
first control signal ¢, (t) is such to maximize the transfer of
electrical power between the stator electrical circuit 16 and
the battery 20, given the constraint of preventing the onset of
instability conditions.

By way of example only, assuming for instance that the

—
expected position € * is ata safety distance (e.g. equal to 10°)
from the instability region R-I, the first control signal ¢, (t) is
generated in a manner equivalent to MPPT circuits of known
type, i.e. so as to maximize the product of the current I, and
the voltage V,, present on the output of the stator electrical
circuit 16. For this purpose, by way of example, the control
stage 66 may vary the duty cycle of the first control signal
c,(t) over time and detect the corresponding trend of the
electrical power available at output of the stator electrical
circuit 16 (equal to the product of the current I, and the
voltage V), so as to identify the duty cycle value which
corresponds to the maximum of such electrical power. Alter-
natively, and again by way of example only, the control stage
66 may determine a reference current I, , equal to the ratio of
the voltage V,, and twice the output resistance (known) of the
stator electrical circuit 16, such a reference current I, _being
obtainable in the case of perfect adaptation of the load. Fur-
thermore, the control stage 66 may compare the current I,
with the reference current 1,5 generating an error signal
which is provided at input to a control stage of the so-called
proportional and integrative type, which in turn generates a
first control signal ¢,(t). In this manner, the control stage 66
implements a close loop control of the duty cycle of the first
control signal ¢ (t), and thus of the power transfer, such a
control being set so as to maximize the power transfer.
Again by way of example only, assuming instead that the

expected position ?* is distanced from the angular instabil-
ity angle R-1 by a distance shorter than the safety distance, the
first control signal ¢, (t) is such to set the current I, and the
voltage V_ 50 as to limit the transferred power with respect to
the corresponding maximum obtainable absolute value, so as
to prevent instability. In other words, given a first limit duty
cycle DC1, e.g. determined in one of the manners described
above and to which the absolute maximum of the electrical
power transfer corresponds, and a second limit duty cycle
DC2, determined in an intrinsically known manner on the
basis of electromechanical equations which govern the
motion of the counterweight 12, and to which the approach-

ing of the expected position ?* to the angular position of
instability R-I within a distance shorter than the safety dis-
tance corresponds, the first control signal c,(t) has a duty
cycle either equal to DC1 (it DC2>DC1) or equal to DC2 (if
DC2<DC1), assuming that the buck-boost converter transfers
power in manner proportional to the duty cycle of the first
control signal c,(t). Again in other words, the first control
signal ¢, (t) is such to guarantee the maximum relative trans-
ferred power, constrained to maintaining the stability condi-
tions.

Other embodiments of different type are possible, e.g. in
which the safety distance is zero. Similarly, other embodi-
ments are possible in which there is no forecasting stage 62
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and the comparison stage 64 receives at input the position

— —
signal e (t) in addition to the limit positions € (t). In such a
case, the instability signal k(t) indicates the relationship

between the measured position and the pair of limit positions
— —
€ sim-1> € Z.im—2' . . .

In practice, regardless of the implementation details, the

control unit 24 processes the acceleration signal @ (t) and the

position signal ?(t), in order to determine the angular insta-
bility region R-I instant by instant and the instantaneous
position of the counterweight 12 with respect to the angular
instability region R-I. In such a manner, the control unit 24
may implement one or more control algorithms of the angular
position of the counterweight 12, even without knowing the
angular position of the stator 8 with respect to the inertial
reference system xyz, because the stator 8 is driven in rotation
by the axle 2.

According to a different embodiment, shown in FIG. 8, the
system for harvesting energy 1 further comprises a power
transfer stage 80, a motor control stage 82 and a switch 84.

In particular, the motor control stage 82 is interposed
between the second power transfer stage 80 and the switch 84,
to which it is connected. Furthermore, the switch 84 is con-
nected to the first power transfer stage 22 and to the stator
electrical circuit 16. More in particular, the switch 84 is
adapted to connect the electrical stator circuit 16, alterna-
tively to the first power transfer stage 22, or to the motor
control stage 82.

By way of example only, the second power transfer stage
80 has a control terminal N, and is formed by a switching
converter of the known type, such as for example a converter
of the so-called buck-boost converter of the non-inverting
type, the switching of which between the “on” and the “off”
state is controlled by applying a second control signal c,(t) to
the control terminal N_,, which is generated by the control
unit 24.

More in particular, according to such an embodiment, the
driving unit 60 generates the second control signal c,(t), as
well as a third control signal c,(t), which controls the switch
84, in addition to the first control signal ¢, (t). The second and
the third control signal c,(t), c,(t) are generated based on the

-
acceleration signal X(t), the position signal e (t), the limit

position signal ? #m(1), the current signal i (t) and the voltage
signal v, (t).

In practice, when the driving unit 60 generates the third
control signal c;(t) to make the switch 84 connect the stator
electrical circuit 16 at the first power transfer stage 22, such an
embodiment operates in the same manner as the embodiment
shown in FIG. 1. Instead, when the third control signal c;(t) is
such that the switch 84 connects the stator electrical circuit 16
to the motor control stage 82, an electrical power transfer
from the battery 20 to the stator electrical circuit 16 occurs, so
that the dynamo operates as electrical motor, the extent of
such a transfer being controlled (modulated) by the second
control signal c,(t), e.g. in a manner similar to that described
with regards to the first power transfer stage 22 and the first
control signal c,(t). Furthermore, in an intrinsically known
manner, the motor control stage 82 controls the stator 8 of the
dynamo 6 so as to guarantee the correct operation of the
dynamo 6 as electrical motor. For example, the motor control
stage 82 may be formed by a so-called power driving circuit,
such as to apply a driving voltage with appropriate polarity to
the stator electrical circuit 16.

The driving unit 60 can thus modulate the electrical power
transfer of the battery 20 to the stator electrical circuit 16 by
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varying the duty cycle of the second control signal c,(t). Thus,
if the counterweight 12 enters the angular instability angle
R-1, the driving unit 60 can return the system for harvesting
energy 1 to stability conditions by transferring power from
the battery 20 to the dynamo 6.

Furthermore, possible embodiments of the type shown in
FIG. 9 are possible, in which the system for harvesting energy
1 comprises a transmission device 18, which is interposed in
an intrinsically known manner between a rotor shaft 90, fixed
to the first and the second windings 13a, 135 of the rotor 10,
and an outer shaft 92. In greater detail, the counterweight 12
is fixed to the outer shaft 92; furthermore, the transmission
device 18 rotably couples the rotor shaft 90 and the outer shaft
92, and has an electronically controllable gear ratio.

According to such embodiment, the driving unit 60 gener-
ates a fourth control signal ¢ ,(t), in addition to the first, second
and third control signals ¢, (1), ¢,(t) and c,(t).

The fourth control signal c,(t) controls the gear ratio of the
transmission device 18 and, when the switch 84 connects the
stator electrical circuit 16 to the first power transfer stage 22,
is a further degree of freedom to control the extent of the
electrical power transfer to the load, in addition to the first
control signal ¢, (t). Indeed, the power available at the stator 8
is proportional to the square of the angular speed with which
the rotor shaft 90 rotates with respect to the stator 8. Thus, the
electrical power available at the output of the stator electrical
circuit 16 increases by varying, for example, the transmission
ratio so as to increase the angular speed of the rotor shaft 90
with respect to the outer shaft 92. However, this implies a
braking action which contributes to taking the counterweight
12 towards the angular instability region R-I.

Similarly, when the switch 84 connects the stator electrical
circuit 16 to the motor control stage 82, the fourth control
signal c,(t) is a further degree of freedom for controlling the
extent of the electrical power transfer from the load, in addi-
tion to the second control signal c,(t).

This the, the first and the fourth control signals ¢, (t), c,(t)
are generated so as to maximize the speed of the rotor shaft 90
and prevent the counterweight 12 from entering the instability
angular region R-I, while the second and fourth control sig-
nals c,(t), c,(t) are generated, when needed, so as to restore
the stability conditions.

In practice, the embodiment shown in FIG. 9 has several
degrees of freedom, which can be operated to modulate the
power transfer to the load and/or restore the stability condi-
tions.

Embodiments are possible in which the power transfer is
modulated from/to the load only by varying the transmission
ratio; in this case, the first and the second control signals ¢, (t),
¢,(t) are not generated and the first and second power transfer
stages 22, 80 are modified as a consequence. For example,
each of the first and second power transfer stages 22, 80 is a
MPPT circuit of known type, thus configured to extract the
maximum power available at the respective input.

Embodiments of the type shown in FIG. 1 are possible,
comprising the transmission device 18; in such a case, the
degrees of freedom for modulating the transter of power to
the load are given by the first and fourth control signals ¢, (t),
c,(1). Furthermore, also in this case, the electrical power
transfer may be modulated only by varying the transmission
ratio, in which case the first control signal ¢, () is not gener-
ated and the first power transfer stage 22 is modified as a
consequence. In such a case, the first power transfer stage 22
is, for example, a MPPT circuit of known type, adapted to
extract the maximum power available at the output of the
stator electrical circuit 16.

10

15

20

25

30

35

40

45

50

55

60

65

12

The advantages that the present system for harvesting
energy allows to obtain are clearly apparent from the discus-
sion above.

In particular, the accelerometer, the optical encoder, the
first and the second (if present) power transfer stage, the
control unit and (if present) the transmission device form a
system for controlling the angular position of the counter-
weight. Thus, the present device for harvesting energy essen-
tially allows to monitor the angular position of the counter-
weight in real time and to modulate the electrical load transfer
from the dynamo to the load as a function of the angular
position of the counterweight. In such a manner, it is possible
to maximize the electrical power transfer to the load without
risking to drive the system for harvesting energy in conditions
of instability. Furthermore, the present energy collection sys-
tem allows to restore the optimal operating conditions once
the stability conditions are established.

It is finally apparent that changes and variations can be
made to the present system for harvesting energy without
departing from the scope of protection of the present inven-
tion as defined in the appended claims.

For example, a different encoder may be used instead of
optical encoder 32, e.g. a magnetic or capacitive encoder.

Again by way of example, although the described
examples refer to a dynamo, an alternator may be used instead
of the dynamo, e.g. a brushless alternator; in general, any
rotating induction electrical machine may be used. In particu-
lar, in case of a brushless alternator, the motor control stage 82
is changed as a consequence; in such a case, indeed, the motor
control stage 82 is adapted to generate three voltages offset by
120° and synchronous with respect to the position of the rotor
10, so as to control the three windings in the stator electrical
circuit in appropriate manner.

Furthermore, the rotor may be constrained to the container,
and thus fixed to the axle; in this case, the stator of the dynamo
is moveable with respect to the axle and the counterweight is
fixed to the stator instead of the rotor.

Furthermore, the first and the second power transfer stages
22, 80 may be different from that described. Similarly, the
first and second power transfer stages 22, 80 may be con-
trolled by using signals different from the pulse-width-modu-
lated signals.

With regards to the control unit 24, the filtering stage 50
may be absent, in which case processing is carried out starting

from the measured acceleration 3, instead of the filtered

acceleration f . Furthermore, in an intrinsically known man-
ner, the control unit 24 may calculate further quantities with
respect to those described, or may determine the quantities

mentioned above (e.g. gravity acceleration g) differently
from that described.

Additionally, the control unit 24 may implement a coun-
terweight control algorithm which is different from that
described. It is worth nothing that if the system for harvesting
energy is constrained to a rotating element instead of a rotat-
ing and translating element, the gravity direction determina-

tion stage 54 may be missing, because gravity acceleration g
lays along the same line as the measured acceleration a.
Other embodiments are possible in which the counter-
weight 12 is mechanically coupled to the rotor 10 in a releas-
able manner, in which case in presence of instability condi-
tions, the control unit generates an electrical control signal
which causes the uncoupling of the counterweight 12 from
the rotor 10, in order to restore the stability conditions.
Finally, the system for harvesting energy 1 may be
equipped with further devices, such as, for example, a tem-
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perature sensor or a wireless communication unit, which are
further connected to the electrical circuit of the stator 16.
Furthermore, a gyroscope or a set of two or more accelerom-
eters may be present either in addition to or instead of the
accelerometer 30.

The invention claimed is:

1. A system for harvesting energy comprising:

an electrical machine including a first structure and a sec-
ond structure, movable with respect to each other, the
first structure being a stator and the second structure
being a rotor, the first structure being configured to be
constrained to a rotating or rotating and translating ele-
ment, so as to be driven in rotation by the rotating or
rotating and translating element;

a counterweight coupled to the second structure so that the
second structure is subject to a first gravitational torque;

apower transfer structure, electrically connected to the first
structure, configured to be connected to a load and
adapted to transfer electrical power from the first struc-
ture to the load, in an electrically controllable manner,
the electrical power transfer causing the application of a
second torque on the second structure, the module of
which is a function of the electrical power transferred,
the second torque being balanced, when the counter-
weight is in an angular stability region, by the first gravi-
tational torque so as to cause the generation of an elec-
trical voltage in the first structure;

an angular position sensor constrained to the second struc-

ture and configured to provide a position signal (?(t))
indicating the angular position of the counterweight, the
angular position being referred to a local reference sys-
tem fixed to the second structure; and

an accelerometer constrained with respect to the first struc-
ture and configured to provide an acceleration signal

(Z(t)) indicating an acceleration which affects the first
structure, the acceleration being referred to the local
reference system;

a control unit, having;
a first stage configured to generate, based on the accel-

eration signal, a limit position signal (?Zim(t)) indi-
cating an angular instability region, the angular insta-
bility region being referred to the local reference
system and being such that, when the counterweight is
within the angular instability region, the counter-
weight tends to rotate synchronously with the first
structure; and

a second stage configured to control the power transfer
structure based on the position signal and on the limit
position signal, so as to modulate the transfer of elec-
trical power to the load so as to prevent the counter-
weight from entering into the angular instability
region.

2. The system according to claim 1, wherein the second
stage is configured to control the power transfer structure so
as to maximize the electrical power transfer to the load.

3. The system according to claim 2, wherein the power
transfer structure further comprises a first power transfer cir-
cuit stage configured to be electrically connected to the first
structure and to the load and adapted to transfer electrical
power from the first structure to the load, in an electrically
controllable manner by means of a first control signal; and
wherein the second stage is configured to generate the first

control signal, based on the position signal (?(t)) and on the

limit position signal (€ 5,,,(6))-
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4. The system according to claim 3, wherein the control
unit further comprises a third stage configured to generate a

gravity direction signal (?(t)) indicating the gravity accel-

eration direction, based on the acceleration signal (a (t)), the
direction being referred to the local reference system (u, w);
and wherein the first stage is configured to generate the limit

position signal (?Zim(t)) based also on the gravity direction
signal.

5. The system according to claim 4, wherein the control
unit further comprises:

a fourth stage configured to generate an expected position

signal (?*(t)) indicating an expected angular position
of the counterweight, based on the acceleration (z(t))

and position (?(t)) signals; and

a fifth stage configured to generate a comparison signal
(k(t)) indicating a comparison between the angular
instability region and the expected angular position of
the counterweight; and wherein

the second stage is configured to generate the first control

signal based also on the comparison signal.

6. The system according to claim 5, wherein the first power
transfer stage further comprises a switching converter con-
figured to alternately operate in a first and a second state, the
switching between the first and second states being controlled
by the first control signal.

7. The system according to claim 6, further comprising a
second power transfer stage configured to be electrically con-
nected to the first structure and to the load and electrically
controllable so as to transfer electrical power from the load to
the first structure, so as to return the counterweight to the
angular stability region, once the counterweight has entered
into the angular instability region.

8. The system according to claim 7, wherein the counter-
weight is fixed to the second structure.

9. The system according to claim 7, further comprising an
outer shaft, the counterweight being fixed to the outer shaft,
and wherein the power transfer structure provides a transmis-
sion device disposed between the outer shaft and the second
structure and having an electrically controllable gear ratio,
the second stage being configured to vary the gear ratio, based

on the position signal (?(t)) and on the limit position

—
signal ( € ,,,(1)), so as to modulate the electrical power trans-
fer to the load so as to prevent the counterweight from enter-
ing into the angular instability region.

10. An electromechanical system comprising:

an electrical machine including;

a first structure and a second structure, movable with
respect to each other, the first structure being a stator
and the second structure being a rotor, the first struc-
ture being configured to be constrained to a rotating or
rotating and translating element, so as to be driven in
rotation by the rotating or rotating and translating
element;

a counterweight coupled to the second structure so that
the second structure is subject to a first gravitational
torque;

a power transfer structure, electrically connected to the
first structure, configured to be connected to a load
and adapted to transfer electrical power from the first
structure to the load, in an electrically controllable
manner, the electrical power transfer causing the
application of a second torque on the second structure,
the module of which is a function of the electrical
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power transferred, the second torque being balanced,
when the counterweight is in an angular stability
region, by the first gravitational torque so as to cause
the generation of an electrical voltage in the first struc-
ture; 5
an angular position sensor constrained to the second
structure and configured to provide a position signal

(?(t)) indicating the angular position of the counter-
weight, the angular position being referred to a local
reference system fixed to the second structure;

an accelerometer constrained with respect to the first
structure and configured to provide an acceleration

10

signal (Z(z)) indicating an acceleration which affects
the first structure, the acceleration being referred to 15
the local reference system;
a control unit, having;
a first stage configured to generate, based on the accel-

—
eration signal, a limit position signal ( € ,,,(t)) indi-
cating an angular instability region, the angular insta-
bility region being referred to the local reference
system and being such that, when the counterweight is
within the angular instability region, the counter-
weight tends to rotate synchronously with the first
structure; and

a second stage configured to control the power transfer
structure based on the position signal and on the limit
position signal, so as to modulate the transfer of elec-
trical power to the load so as to prevent the counter-
weight from entering into the angular instability
region.
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